1 The dispersal mode adopted by a plant species is frequently associated with other attributes of the plant and its habitat. In this paper we review these associations and present a set of hypotheses which, when considered together, make a probabilistic prediction of the dispersal mode adopted by a plant species. When applied to a species list, the hypotheses can be used to generate a prediction of its dispersal spectrum, i.e. the percentages of different dispersal modes that have been adopted. 2 The formulation of such a set of hypotheses has several purposes: (i) to summarize existing knowledge about dispersal adaptations and their interrelations with other attributes of plants and their habitats; (ii) to couch that knowledge in such a way that falsifiable predictions can be made; (iii) to arrive at provisional conclusions about which factors are the most important in shaping the evolution of dispersal mode in different plants or different environments. 3 The review of relationships between dispersal mode and other attributes of plants and their habitats lead to the following provisional conclusions; (i) seeds larger than 100 mg tend to be adapted for dispersal by vertebrates while those smaller than 0.1 mg tend to be unassisted; most seeds, however, are between 0.1 and 100 mg, and in this range all of the dispersal modes are feasible; (ii) plant growth form and stature (sometimes in relation to the canopy height of the vegetation) seem to exclude certain dispersal modes; (iii) the availability of specific dispersal vectors seems rarely to be an important determinant of dispersal mode; (iv) attributes of the physical environment also seem rarely to be important, except indirectly through their influence on plant stature and seed size.
Introduction
The diaspores of many plant species have characteristic morphological structures that enhance their probability of being dispersed away from the mother plant. Dispersal of seeds is presumed to have fitness advantages for plants, such as increasing the chances of founding a lineage in a new locality, or reducing density-dependent mortality. The advantages of dispersal have been considered theoretically (e.g. Hamilton & May 1977; Motro 1982; Venable & Brown 1993) , and the empirical evidence for advantages in particular species has been extensively reviewed (e.g. Harper 1977; Howe & Smallwood 1982; Willson 1983 Willson , 1992 .
In this paper we are concerned with the question of why a plant 'chooses' one dispersal mode over another, and why certain vegetation types have characteristic proportions of plant species with different dispersal modes (dispersal spectra). Dispersal spectra vary from place to place (Willson et al. 1990 ), presumably because the relative merits of different dispersal modes are affected by attributes of 934 Predicting dispersal spectra from plant attributes the plant in question (e.g. seed size, height) and by the environmental circumstances under which seedlings establish or fail (e.g. after fire from soil seed bank, in deep shade, in dry soil conditions).
We outline a series of hypotheses about associations between dispersal mode and plant attributes that, when considered together, form a compound hypothesis that seeks to explain the distribution of dispersal modes within vegetation. In the first section, seven hypotheses are described that lead to the identification of particular dispersal modes that seem rarely to be adopted by plants with certain attributes. These can be termed 'exclusion hypotheses', for convenience. Many of the ideas expressed in these hypotheses have been suggested in different forms before, and some are well supported by empirical evidence. Others seem to be demanded by logic, and yet others seem to be required by known patterns of dispersal spectra, even though there is little direct evidence as to why they have arisen. We have attempted to formulate a minimal set of such hypotheses, and have not included every feature of a plant or an environment that might conceivably be important. For example, we have not included successional status or possible phylogenetic constraints in the list, although we consider the possible importance of these factors in the Discussion. During the review of evidence for each hypothesis we note that for most there are at least one or two plant species that are obvious exceptions. These exceptions reinforce the fact that these hypotheses are preliminary, and will require testing and refinement. In the second section of the paper we present a set of probability distributions for different dispersal modes as a function of seed size. These distributions have been obtained from a compilation of data from four temperate floras. If a species list for a particular area of vegetation is available, these probabilities may be applied to each species, for dispersal modes not already excluded. This process leads to an assessment as to which dispersal mode, or modes, are most likely to be adopted by a seed of the given size. The whole set of hypotheses can be used to make a probabilistic prediction as to what dispersal mode a particular plant species might be expected to have adopted over evolutionary time, or a prediction as to the percentages of species adopting different dispersal modes in a vegetation type.
This formulation of a set of hypotheses about dispersal spectra has two main aims. First, it provides a framework within which existing knowledge can be organized and highlights the weaknesses as well as the strengths of the available evidence. Secondly, it provides testable predictions allowing a-priori tests to be devised and interpreted. Such tests in turn should lead to continuing refinement of the set of hypotheses, by acceptance or rejection of particular hypotheses, and by recognition of the need for further ones.
We have restricted the hypotheses to those needed to explain the distribution of the six major types of morphological adaptations for dispersal considered by Willson et al. (1990) in their review of dispersal spectra.
1 Wind-dispersed: indicated by the presence of wings, plumes or hairs that increase air resistance and slow the rate of descent. 2 Vertebrate-dispersed (internal): indicated by the presence of fleshy pulp or aril that is ingested; the seeds are then either regurgitated or defaecated. 3 Ant-dispersed: indicated by the presence of an elaiosome, an appendage on seeds that is attractive to ants. 4 Ballistically dispersed: the diaspore is ejected explosively from a seed-pod. 5 Adhesively dispersed: indicated by the presence of hooks, barbs or sticky substances that cling to fur or feathers. 6 Unassisted: no obvious dispersal adaptation.
EXCLUSION HYPOTHESES
The hypotheses are summarized in Table 1 , and the logic/evidence for each is discussed below.
Species below a dense canopy are unlikely to use wind Wind speed decreases sharply from the level of the upper canopy down to the level of maximum leaf area and winds in the lower canopy are very weak (Oke 1987) . For example, wind speed measured by Oliver (1971) in a mixed pine forest declined from -0.95m s-', measured 0.5m above the canopy, to less than 0.2 m s-' at the canopy base. Within the canopy, as a general rule, wind speed is inversely related to the density of the foliage (Grace 1977) .
Diaspores with adaptations for wind dispersal such as wings or plumes do not travel far in still air. For example, the lateral movement in still air of 27 winddispersed species measured by Matlack (1987) ranged from 0.04-0.87 m, with only two species travelling further than 0.3 m. The estimated lateral distance these species would have achieved in a 2.8 m s-' (10 km h-') breeze ranged from 1.47-111.6 m (81% over 1O m, 41% over 40m), and all species, except for the two with the heaviest seeds, would be able to 'escape' the immediate vicinity of the parent. Several studies have compared the percentage of wind-dispersed species in the canopy and the subcanopy or middlestorey of tropical and temperate forests (summarized in the Appendix, TableAl; see also Willson 1991) . Wind-dispersed species are consistently found in higher proportion in canopy species, with the proportion of other dispersal modes, such as fleshy fruits for vertebrate dispersal, increasing towards the lower strata. although this generalization, like several others to be described below, does have some known exceptions. Wind dispersed species are not completely absent from the understorey, e.g. Solidago spp. in north temperate woodlands (P.J. Grubb, personal communication), but the dispersal success of such species is not known.
A slight variant on this hypothesis may be more appropriate for species that only release seeds after fire. For these species the density of the canopy in the immediate post-fire period, rather than just before the next fire, will be the most relevant.
Species with a canopy diameter wider than 4 m are unlikely to use ant or ballistic dispersal The dispersal distances achieved by different dispersal modes vary a great deal (Appendix Tables A2-5 ; see also Willson 1993) . Distances that seeds are carried by ants, limited by ant foraging distances, are typically 1-2 m and rarely exceed 5 m although the occasional exceptional distance has been reported (Table A2) . Distances achieved by ballistic propulsion are constrained by the physical mechanism itself (Willson 1993) and, like ant-dispersal distances, rarely exceed a few metres (Table A3) .
Plant stature may be an important constraint on the particular dispersal mode 'chosen' by a plant. It is generally accepted that escaping competition in the immediate vicinity of the parent plant is an important advantage of seed dispersal (Howe & Smallwood 1982) . The restricted distances that seeds are dispersed by ants or by ballistic mechanisms mean that effective escape will only be achieved if the parent is small.
In order that this hypothesis be applied to an actual database of plant attributes we have chosen 4 m as an arbitrary canopy diameter above which we consider dispersal by ants or ballistic mechanisms unlikely to have been adopted. This cut-off point is fairly conservative as the vast majority of ant-and ballistically dispersed plants have canopy diameters much less than this. In the northern hemisphere, ant-dispersed plants are mostly herbs in the understorey of mesic forests (e.g. Handel et al. 1981; Beattie & Culver 1981 ). In the southern hemisphere they are typically sclerophyllous shrubs (Westoby et al. 1982; Milewski & Bond 1982) , the majority of which have canopy diameters less than 2 m (e.g. Westoby et al. 1990 ). Ballistically dispersed plants also tend to be of small stature (Ridley 1930) . With only two exceptions (see below), all the ballistic species listed in Table A3 are shrubs or understorey herbs. Air resistance results in initial velocity having a greater influence on dispersal distance than the height of release Stamp 1989a ) so tall plants do not have a particular advantage due to their height.
The most notable exceptions to this hypothesis are the ballistically dispersed tropical trees, Hura crepitans and Bauhinia purpurea. Both these species have extraordinarily powerful ballistic mechanisms which can propel seeds many metres (Stebbins 1971; .
In contrast to dispersal by ants and ballistic propulsion, seeds dispersed by wind and vertebrates can potentially be much more widely dispersed even if the greater distances are achieved by only by a small proportion of the seed crop; these dispersal modes may therefore be more likely to be adopted by larger plants. Wind dispersal produces a strongly leptokurtic distribution (Harper 1977) . Many seeds are found around the base of the parent plant but a small proportion of seeds may travel considerable distances (examples in TableA4), depending on the speed and turbulence of the wind as well as the height of release and the size, shape and aerodynamic properties of the seed. Most estimates of distances achieved by wind dispersal have been made by estimating the fall velocities of seeds in still air, and then extrapolating for different wind speeds (e.g. Sheldon & Burrows 1973; Matlack 1987) . Field measurements of dispersal distances have been made using seed traps and in these studies, the maximum distances measured are of course constrained by the maximum distances from the plant at which the traps are placed (e.g. Cremer 1966; Gashwiler 1969) . The more anecdotal accounts of wind dispersal distances frequently stem from observations of plants that have colonized oceanic islands (e.g. Fridriksson 1975) .
Frequency distributions of dispersal distances for seeds ingested by vertebrates share some of the characteristics of those for wind dispersed seeds (Table  A5) , although the direction of seed movement and the local density of seed deposition will be influenced by the behaviour of the particular frugivore (Stiles 1992) . Dispersal distances for ingested seeds are limited by gut passage rates which vary from a few minutes in frugivorous birds to several months in ungulates (Janzen 1984 , and see review by Willson 1989) . The few field measurements of dispersal distances that have been made, like those for wind-dispersed seeds, are usually limited by the maximum number and distance of traps from the seed source (e.g. Smith 1975; McDonnell & Stiles 1983; Hoppes 1988) .
Seeds dispersed by nonfrugivorous vertebrates may also have the potential to travel considerable 936 Predicting dispersal spectra from plant attributes distances, although few field measurements have been made. Virtually the only published data on dispersal distances of adhesive diaspores are from Bullock & Primack (1977) , who estimated dispersal distances of adhesive species by walking through vegetation with a cloth board to which the diaspores adhered. The mean dispersal distances obtained ranged from 109 to 250 m. In principle, however, adhesive fruits may be carried by a dispersal agent indefinitely, depending on how quickly the fruit is detected and removed by the host. Adhesive fruits on inaccessible body parts of long-lived animals may remain attached for long periods of time (Liddle & Elgar 1984; Shmida & Ellner 1983) . For example, the dispersal of seeds over at least 650 km to Macquarie Island is assumed to have occurred by adhesion to sea birds (Taylor 1954) . Many weed species may have been introduced to North America from Mexico through long distance dispersal of adhesive fruits attached to sheep (reviewed by Sorensen 1986) .
In summary, plant stature may place constraints on which dispersal mode a species might adopt. Seeds adapted for dispersal by wind, vertebrates and adhesion have the potential for far greater dispersal distances than those dispersed by ants or ballistic propulsion. The relatively short dispersal distances achieved by ants and ballistic dispersal may therefore be more likely to be associated with small plants.
Species with a serotinous seed bank that survives fire are unlikely to use vertebrate, ant, ballistic or adhesive dispersal Many species in the fire-prone sclerophyllous shrublands and woodlands of Australia and South Africa and in the coniferous forests of the Northern Hemisphere are serotinous, retaining their seeds in persistent cones or fruits within the canopy. These seeds may be stored for many years before being released either after a fire, or when the plant dies. Most serotinous species have hairs or wings, adapting them for dispersal by wind. Bond (1985) noted, for example, that within the South African genus Leucadendron, the serotinous species are generally adapted for wind dispersal whereas many of the non-serotinous species are dispersed by ants. Serotinous species in the family Myrtaceae are exceptions to this generalization, having seeds with no obvious dispersal adaptations (Lamont et al. 1991) .
Wind dispersal may be enhanced in the immediate post-fire period because fire frees the canopy and ground of many obstacles to the passage of wind and seeds. For example, Bond (1988) showed that following fire, fruits of some Protea and Leucadendron species may be tumbled by wind over 50Gm. In addition, the heat generated by the blackened soil surface following fire creates up-draughts and small whirlwinds which may also carry and disperse seeds.
(Le Maitre, personal observation cited in Lamont etal. 1991) .
Dispersal structures such as fleshy fruit for vertebrate dispersal, or elaiosomes for ant dispersal, may not be physically compatible with long-term storage of seeds in the canopy. Prolonged storage of simple carbohydrates (as pulp) or lipids (as elaiosomes) between fires may increase the probability of desiccation or of attack by micro-organisms and insects. Excessive heating could also reduce the attractiveness and palatability of the diaspore. It is not so intuitively obvious why hooks or barbs for adhesive dispersal, or ballistic mechanisms, are not found on serotinous seeds. A possible explanation for the lack of adhesive dispersal is that the general availability of vertebrate vectors directly after a fire is limited.
Species with a soil seed bank that survives fire are unlikely to use dispersal modes other than ants unless seeds and/or diaspores are small (less than -3 mg) and therefore able to filter down through the soil During a fire, seeds on the soil surface or in the litter may be exposed to temperatures in excess of 300?C (Floyd 1966; Scotter 1970; Dunn & DeBano 1977; Stott 1986 ). As temperatures greater than 140?C are lethal for most seeds even for short durations (e.g. Auld 1986; Auld & O'Connell 1991; French & Westoby, unpublished) , mortality of seeds on the surface and in the top 1-3 cm of soil during a fire can be considerable (Floyd 1966; Ewel et al. 1981; Cheplick & Quinn 1987) . A dispersal mechanism that results in some form of seed burial will clearly be advantageous for species developing soil seed banks in fire-prone habitats.
There is probably no optimum burial depth for seeds as temperatures reached even during any single fire vary from place to place within a site and variation between fires is also considerable (Christensen & Kimber 1975; Stott 1986; Hobbs & Atkins 1988; Bradstock et al. 1992; Hughes & Westoby 1992 ). In addition, soil temperatures during fires decrease rapidly with depth such that seeds at one depth may be exposed to a temperature several times greater than those buried only 1 or 2cm deeper (e.g. Floyd 1966; Auld 1986 ). As a result, during any single fire, there will be only a narrow range of depths at any particular place where the soil temperature will be suitable to stimulate germination without being lethally hot. The depth at which this temperature 'window' will be reached varies considerably, even over a few metres or less. A dispersal mode which results in the burial of seeds at a range of depths might therefore be an appropriate form of risk-spreading in such an environment.
Dispersal modes other than ant dispersal result in seeds being initially deposited on the soil surface. Such seeds may become buried shallowly by surface runoff or falling litter, but the range of depths will be narrow.
For example, experiments performed by van Tooren (1988) using 'seed-sized' glass beads showed that only 4% placed on the surface became buried at depths greater than 1 cm in 6 months. Such a narrow, and shallow, range of burial depths will increase the probability of large-scale mortality during a hot fire. Small seeds, however, have a greater chance of filtering down through the soil. The only data available for the relationship between seed size and the likelihood of passive burial are somewhat indirect. Thompson et al. (1993) showed that plant species with persistent seed banks (seeds staying for more than 5 years in the soil) generally have compact diaspores weighing less than 3 mg. Therefore to apply this hypothesis to a species list, we have chosen 3 mg as an arbitrary cut-off point, above which we cons'ider seeds unlikely to survive fires in a seed bank unless actively buried by ants.
Dispersal by ants, unlike other dispersal modes, may result in seeds being buried down to depths of 20 cm, although the majority of seeds in ant nests are found in the upper 8cm (Shea et al. 1979; Bond & Slingsby 1983; Bond & Stock 1989; Hughes & Westoby 1992) . Burial of seeds by ants over a range of depths may have been a selective pressure leading to the dominance of ant-dispersed plants in sclerophyllous vegetation in Australia and South Africa where fires are frequent (e.g. mean interval between fires in south-eastern Australia is about 5-12 years; Walker 1981). In fire-prone vegetation types with longer intervals between fires such as the Californian chaparral (20-30 years; Keeley & Zedler 1978) antdispersed plants are relatively uncommon (Berg 1966; Bullock 1974 ); one explanation is that longer fire intervals may increase the probability that seeds will be passively buried at a greater range of depths without the active participation of ants.
In the chaparral vegetation of California, Keeley (1991) identified two distinct seed germination syndromes. Seeds of 'fire-resister' species do not form persistent seed banks and are not stimulated to germinate by fire. These species are almost exclusively fleshy-fruited and dispersed by vertebrates. In contrast, seeds of 'fire-recruiter' species survive fire in persistent seed banks and are stimulated to germinate immediately after fire. Consistent with the hypothesis outlined above, most of these species have no obvious dispersal adaptation but generally have smaller seeds than those of the fire-resisters,.when similar growth forms are compared. Two genera of fire-recruiters, Fremontodendron and Dendromecon, are antdispersed. Ceanothus, the one genus that is ballistically dispersed, is an exception to this hypothesis.
Epiphytes are unlikely to use ballistic and adhesive dispersal Epiphytes have very specific site requirements for establishment, i.e. the limbs of plants. As such safe sites may be few and patchily distributed, two alternative dispersal strategies may be favoured by these plants. First, by producing large quantities of small, light seeds (either dust seeds or with structures for wind dispersal) epiphytes can not only increase the probability that a few by chance will reach a suitable site for establishment but also that some seeds will land on branches above, as well as below, the release point. Alternatively, they may adopt a dispersal strategy that results in some degree of targeting toward specific sites. This can be achieved by producing seeds with fleshy fruits attractive to certain vertebrates, especially birds, which are then deposited directly onto branches when the vector perches. Dispersal by ants may also result in seeds being placed in suitable sites for establishment, such as nest carton. Dispersal by ballistic explosion, or by adhesion, may be unsuitable for epiphytes because both dispersal mechanisms result in untargeted dispersal, unlike dispersal by certain frugivores or ants.
The dispersal mechanisms for the estimated 28 000 species of epiphytes have been summarized by Madison (1977) and the results show that the vast majority have adopted one of the two strategies outlined above. Over 20 000 species (from 605 genera) have dust-seeds or spores which lack appendages (strategy 1). These diaspores are very small (most are less than 1 mm in length) and are dispersed by wind and/or rain splash. The majority of these species are orchids but diaspores of this type are also found in the Melastomataceae, Begoniaceae, Lentibulariaceae, Rapateaceae and the ferns. Winged or plumed seeds are found in 1190 species (37 genera) and are characteristic of many Bromeliaceae, Asclepiadaceae, Gesneriaceae and Rubiaceae. Fleshy fruits (strategy 2) are found in 4400 species (191 genera). Many of these fleshy fruits in fact contain numerous minute seeds which, when removed from the fruit, are very similar to the dust-seeds of capsular fruited epiphytes; these species can be thought of as combining strategies 1 and 2. A few species of epiphytes have elaiosomes (Janzen 1974; Weir & Kiew 1986) and are removed by ants. Some species without elaiosomes are also removed by ants which are attracted by the fleshy pulp (e.g. Roberts & Heithaus 1986 ). Several of these epiphyte species are restricted to arboreal ant nest gardens (Kleinfeldt 1978; Madison 1979; Davidson 1988; Benzing & Clements 1991) . A further small group of species have fruit structures that suggest adaptation for dispersal by both vertebrates and ants (Kleinfeldt 1978 (Kleinfeldt , 1986 Madison 1979; Davidson 1988; Kaufmann etal. 1991) .
The only exception to this hypothesis that we know of is the epiphyte Peperomiafernandeziana which has sticky diaspores (Armesto & Rozzi 1989) .
Stem parasites are unlikely to use dispersal mechanisms other than vertebrates Like epiphytes, stem parasites need to be dispersed to the limbs of suitable host plants. Unlike epiphytes 938 Predicting dispersal spectra from plant attributes however, they also produce a haustorium which penetrates the host during establishment. This characteristic may set a lower limit on seed size. The targeting of larger seeds is presumably achieved best by vertebrate dispersal.
The majority of stem parasites are in the Loranthaceae (mistletoes). Mistletoe diaspores are generally fleshy, with sticky seeds that adhere to branches after being defaecated by birds (Liddy 1983; Willson 1983; Davidar 1987; Benzing 1989) . Stem parasites in other families, such as Cassytha (Cassythaceae) and Cuscuta (Convolvulaceae), also have fleshy fruits. An exception to this hypothesis is the dwarf mistletoe (Arceuthobium) in North America which may be dispersed ballistically (Hinds, Hawksworth & McGinnies 1968) , or by adhesion to fur or feathers (Willson 1983) .
Plants over 2 m tall are unlikely to use adhesion Several studies have shown that adhesive dispersal modes tend to be confined to low-growing species. In a survey of species with adhesive fruits in 10 floras, Sorensen (1986) found that nearly 75% were less than 1 m in height and 95% were less than 2 m. Eighty-five per cent of the adhesive Asteraceae surveyed in 18 regional floras by Venable and Levin (1983) were lowgrowing herbaceous plants and 6.6% were shrubs; none were trees. Thirteen out of 14 adhesive species in the Brazilian cerrado surveyed by Gottsberger & Silberbauer-Gottsberger (1983 , cited in Sorensen 1986 ) occurred in the ground layer. Adhesive seeds are consistently restricted to herbs in Andean paramo vegetation (Frantzen & Bouman 1989) . Milton, Siegfried & Dean (1990) noted that few species with adhesive seeds were tall, and in a survey of adhesive species in African Karoo savannah and grassland, found these species to be exclusively confined to the grassland. In central Australian arid vegetation, adhesive species are confined to low-growing graminoids and forbs (Jurado et al. 1991) .
The reason for adhesive dispersal mechanisms being confined to plants of low stature is presumably related to the availability of dispersal vectors at a suitable height (Guitian & Sanchez 1992) . Arboreal mammals may not be suitable because they tend to be more agile and therefore more likely to find and remove diaspores quickly while grooming (Willson et al. 1990 ).
RELATIONSHIP OF DISPERSAL MODE AND SEED SIZE
Seed size ranges over 10 orders of magnitude, although the vast majority of herbaceous angiosperms from temperate regions have seeds ranging from to 10 2 g (Harper et al. 1970) . Large seed size has traditionally been thought of as being adaptive for a variety of environmental hazards although the experimental evidence for this is limited . Seed size will obviously place certain limitations on the suitability of particular dispersal modes; for example, ants are probably unable to transport seeds over 1 00 mg. We have compiled a frequency distribution of seed sizes in relation to dispersal mode from four temperate floras (Fig. 1 , actual values in Appendix  Table A6 ). Seeds larger than about 100mg tend to be mostly vertebrate-dispersed, but most seeds are between 0. 1 and 1 O0 mg and in this range all dispersal modes are feasible. Seeds adapted for dispersal by ants, wind, adhesion and ballistic expulsion have quite similar size distributions. Seeds with no specific morphological adaptations for dispersal (unassisted) are represented in almost every size class up to 1000 mg. Within this category, seeds may nevertheless be dispersed in a variety of ways. The smallest seeds (less than about 0.05 mg, McCartney 1990) are likely to be dispersed quite effectively by wind because of their large surface area to weight ratio. At the upper end of the range, some 'unassisted' seeds are dispersed by scatter-hoarding vertebrates. Despite the possibility that unassisted seeds will actually be dispersed by a variety of vectors we have followed Willson et al. (1990) in not subdividing this category for two main reasons. First, it is difficult to assign an exact seed weight below which seeds should be regarded as dispersed by wind, and it seems unlikely that small seed size, in itself, is a specific adaptation for dispersal. Secondly, reliable information as to which seeds are dispersed by scatterhoarders is not available for these floras.
PREDICTING DISPERSAL SPECTRA
To illustrate how the hypotheses outlined above might be applied to a particular flora we provide a worked example using data compiled by Westoby et al. (1990) for four sites near Sydney, NSW. The sites consist of fire-prone, dry sclerophyll vegetation on infertile, sandstone-derived soils. As many ideas expressed in this paper have been influenced by our knowledge of the vegetation at these sites, and we have used this data in the compilation of the seed-size frequency distribution, we present this exercise as an illustration of the process rather than an independent test of the set of hypotheses.
The following data are needed for each species: canopy width, habit (particularly whether the species is epiphytic or parasitic), height, presence or absence of either a serotinous or soil seed bank that survives fire, and seed size. The seven exclusion hypotheses are applied to each species, resulting in up to five of the possible six dispersal modes being ruled as unlikely to be adopted. The seed size of the species can then be compared to the frequency distributions of seeds for those dispersal modes not already excluded. A set of probabilities for each dispersal mode, for each species, is then generated (examples outlined below). Once all the species within the flora have been 'processed', the probabilities for each dispersal mode are added to create a hypothetical dispersal spectrum. A comparison of this spectrum to the actual spectrum then serves to indicate how adequately the set of hypotheses explain the observed pattern. Table 2 shows examples of the predictions of dispersal mode for six of the species from the sites; these species display a range of habits, heights, seed sizes and seed bank characteristics. The table also gives the actual dispersal mode for each species. A brief description of each of these six species and the way in which the various hypotheses were applied is described below:
1 Banksia ericifolia is a large shrub (to -4 m) with serotinous seeds i.e. the seeds are stored on the plant in woody follicles until after fire. If seed size alone were used as a criterion to predict the dispersal mode for this species, the histogram in Fig. 1 would give the following probabilities: unassisted 31%, ant 20%, vertebrate 22%, adhesion 1%, wind 22%, and ballistic 4%. However, the application of hypothesis 3 results in vertebrate, ant, ballistic and adhesion dispersal modes being excluded ( Table 2 ). The probabilities are therefore adjusted, resulting in a prediction of the seeds having a 58% probability of being unassisted and a 42% probability of being winddispersed. 2 Dillwynia rudis is a sclerophyll shrub (1 m) with hard seeds (3.4 mg) that germinate from a soil seed bank after fire. As this type of seed needs to be buried to survive surface fire temperatures we would exclude all dispersal modes except ants (hypothesis 4). 3 Eucalyptus piperita is a large tree (-20 m) with a canopy width of at least 6 m when mature. Following application of hypotheses 2 and 7, the dispersal categories of ants, ballistic and adhesion are excluded. The seed size histogram then generates a prediction that this species has a 59% probability of being unassisted, 11% probability of being vertebrate-dispersed and 30% probability of being wind-dispersed. 4 Pterostylis daintreana is a small (-30cm) orchid with very small seeds (0.0008 mg). From Fig. 1 , all seeds in this size category are unassisted. 5 Cassytha pubescens is a twining stem parasite. Fol- Table 2 Attributes and predicted dispersal modes of six selected species from the database of Westoby, Rice and Howell (1990) Dispersal modes have been predicted by the application of the 7 exclusion hypotheses and the seed size histogram (Fig. 1) . U = unassisted, A = ant, V = vertebrate, Ad = adhesion, W = wind, B = ballistic, X = dispersal mode excluded lowing application of hypothesis 6, all dispersal modes except vertebrate are excluded for this species. 6 Stylidium lineare is a small perennial herb that grows in open heath and woodland. None of the hypotheses, as they currently stand, result in the exclusion of dispersal modes for this species. The prediction of its dispersal mode must therefore be generated solely from the seed-size histogram (Fig. 1) .
When the remaining 155 species at the sites are treated in a similar fashion, the following predicted dispersal spectrum is obtained by summing the probabilities for each of the six dispersal modes: unassisted 34%, ant 41%, vertebrate 6%, adhesive 4%, wind 14% and ballistic 1%. The actual dispersal spectrum, obtained from an examination of the diaspores of each species , is as follows: unassisted 38%, ant 45%, vertebrate 7%, adhesive 0%, wind 9% and ballistic 1%. Eight of the 161 species (4.1 %) had their correct dispersal modes wrongfully excluded using the hypotheses. The close match between the predicted and actual dispersal spectra is not surprising for the reasons outlined above and we must again stress that this is an illustrative exercise rather than a test of the set of hypotheses. The most important point to note is that the prediction for each species is probabilistic, but for the dispersal spectrum is absolute. We will return to this point during the discussion in the section regarding phylogeny.
Discussion

SOME PROSPECTS FOR DISPERSAL ECOLOGY
A great deal is known about the ecology of seed dispersal. Many observations have accumulated about distances and seed shadows achieved and there has been some quantification of dispersal spectra both for different vegetation types (Willson et al. 1990) , and in relation to plant height and seed size (this paper). There has also been considerable experimentation on the merits of different dispersal modes. Because of this firm basis of accumulated knowledge, it is now realistic to set the following target for future research: to establish a well-tested set of hypotheses, applicable world-wide, relating dispersal mode to attributes of the plants and the environment. Our purpose has been to take a step toward this target, by reviewing existing knowledge and formulating a draft set of hypotheses amenable to future falsification and refinement.
An example of a prospective falsification of the hypotheses would be as follows: Several studies have found that the incidence of fleshy-fruited species adapted for dispersal by vertebrates increases with increasing rainfall, while that of wind-dispersed species decreases (e.g. Gentry 1982; Howe & Smallwood 1982; Hoffmann et al. 1989; Willson et al. 1990; Jordano 1992) . If the hypotheses proposed here are sufficient, this pattern should prove to be interpretable as a secondary correlate of changes in plant height, canopy density, habit, and seed size. Alternatively, if the generalizations are not sufficient, it will prove necessary to add a further hypothesis invoking rainfall or some other correlate of rainfall.
There are certain groups of plants for which dispersal modes will not be predicted with any degree of accuracy by the hypotheses as they stand at present. For example the dipterocarps, an important group of tropical trees, have very large seeds which are winged and thus adapted for dispersal by wind (e.g. Dipterocarpus grandiflorus seeds are 6 cm long with a wing 14 cm long; Ridley 1930) . Emergent species of Shorea are predominantly winged while species within the canopy are not (Ashton 1989) , which is consistent with our hypothesis 1. Nevertheless, our system of hypotheses would give dipterocarps a very low probability of being wind-dispersed, due to their large seed size. It is possible that dipterocarps are specifically adapted for dispersal in tropical cyclones; Webber (1934) noted that Shorea seeds may be carried several hundred metres in strong winds. For the present, however, there is not enough evidence to justify a hypothesis predicting large-seeded species to be adapted for wind-dispersal in any cyclone-prone environment. This example, as well as the other exceptions to the hypotheses already noted, illustrate that our hypotheses will certainly need elaboration before they can be considered fully satisfactory. At present they are likely to prove more useful in certain vegetation types, such as temperate woodlands, than in others, such as grasslands.
In the remainder of this discussion we first consider some possible relationships which have not been included as prospective hypotheses, a particular case of which is the relationship of dispersal mode with phylogeny. We then discuss some biological implications of the hypotheses, if indeed they prove to be sufficient to explain a significant proportion of patterns in dispersal spectra.
RELATIONSHIPS NOT INCLUDED AMONG THE PROPOSED HYPOTHESES
Some factors have been quite extensively discussed in relation to dispersal mode, but nevertheless do not appear in the hypotheses described above. For example, wind dispersal has been described as common in early successional or disturbed habitats and animalmediated dispersal as more common in later successional or more stable environments (e.g. Houssard et al. 1980; Fenner 1987; Hodgson & Grime 1990; Willson 1991; Guitian & Sanchez 1992 ; but see Venable & Levin 1983 ). In effect, we are hypothesizing that dispersal spectra can be understood in terms of plant attributes such as height and seed size, without direct reference to successional status. Another factor we have not explicitly considered is the availability of specific dispersal vectors. Fossil records of angiosperms indicate that dispersal syndromes are maintained in lineages even though the nature of the disperser fauna changes (Tiffney 1986; Bremer & Eriksson 1992) . Tightly coevolved relationships between plants and their animal dispersers appear to be rare, with most plants being dispersed by several animal species and most seed-dispersing animals taking the diaspores of several plant species (Wheelright & Orians 1982) . Exceptions to this generalization are known, such as the dispersal of mistletoe seeds by mistletoe birds (Reid 1991) , and dispersal of certain species of Pinus by corvids (reviewed by Tomback & Linhart 1990 ; for other examples see Chapman et al. 1992) ). Following the policy of formulating only a minimal set of hypotheses, we considered that the devising of special hypotheses to cover these cases was unnecessary at this stage. Mistletoes would in any event be predicted as vertebrate-dispersed by our hypothesis 6, and scatterhoarded Pinus seeds would not be treated as possessing adaptations for dispersal by vertebrates. The set of hypotheses predicting the dispersal mode a species might adopt over evolutionary time, as well as the mix of dispersal modes found in a particular area of vegetation, despite being implicitly about evolutionary processes, do not invoke phylogeny as a factor shaping dispersal mode. Our thinking on this subject is as follows: It is certainly true that whole genera and families often share a common mode of dispersal. To quite a large extent, such patterns would be generated by the hypotheses, since whole genera and families will also often tend to be tall rather than short plants, large-rather than small-seeded, and so forth. Such an effect, whereby the whole of a genus might be adapted for dispersal by vertebrates because the genus has large seeds and a physiology adapted to forest understorey, can be labelled 'phylogenetic niche conservatism' (Harvey & Pagel 1991) . Under phylogenetic niche conservatism, relating dispersal mode to seed size and plant height is complementary to relating it to phylogeny, rather than an alternative interpretation.
Might dispersal mode be constrained by the developmental pathway governing the structure of fruits (which in turn would be related to phylogeny)? Many families and some genera include species that have modified fruit structure sufficiently to have different dispersal modes (Ridley 1930; Corner 1949; Harper et al. 1970; Stebbins 1971; van der Pijl 1982; Bond & Slingsby 1983; Bremer & Eriksson 1992) ; for example, ant, bird, mammal and wind dispersal are all found among Mimosaceae (Willson 1992) . Furthermore, the structures achieving dispersal by a given vector are often quite varied. Elaiosomes have developed in different species from completely different plant structures (Roth 1977) . Vertebrate dispersal can be achieved by arils or by pulp developed in several different ways. Epidermal hairs and wing-like outgrowths to increase air resistance can be found on various structures without any profound modifications of their architecture or development pattern (Stebbins 1971) . Thus the potential for different dispersal syndromes to arise within a lineage, over macroevolutionary periods of millions of years, is considerable. Nevertheless, new fruit structures arise by modification of genes governing the developmental pathway, and it can hardly be doubted that a particular sort of genetic pathway may predispose a lineage to evolving some sorts of structures more readily than others. Janson (1992) , for example, showed that some transitions among adaptive syndromes are indeed more likely than others.
The hypotheses put forward in this paper do not, in fact, make a definite prediction of dispersal mode for each species. Rather, they generate probabilities, or options for dispersal modes that might be conceivable. These probabilities, when taken in aggregate for the list of species in a vegetation type, generate a definite prediction of a dispersal spectrum, and it is this predicted dispersal spectrum that is best suited to falsification. In a sense, then, the predictions from the present set of hypotheses are not about species from known lineages, but about cases of species occurring in a vegetation type and adopting different dispersal modes. The list of species assembled at a location is drawn over time from the whole of a regional flora, and this, we believe, makes it possible for a prediction about the dispersal spectrum to be made without reference to constraints in the developmental pathway for fruit structures.
In order to increase the power of the set of hypotheses so that a definite prediction of dispersal mode could be made for each named species, it will probably be necessary to add further exclusion rules invoking developmental patterns of the fruit. Formal phylogenetic analysis will be useful to identify situations where developmental constraints might be important (e.g. Bremer & Eriksson 1992; Herrera 1992) We hope that the set of hypotheses outlined above capture some of the important patterns relating dispersal mode to other aspects of a plant's ecology. If we suppose for the sake of argument that these are indeed the most important patterns, the following biological conclusions emerge. First, the availability of vectors rarely seems to limit dispersal modes adopted, at least when dispersal modes are aggregated at a broad level such as 'vertebrates'. Vectors such as wind are nearly ubiquitous. Fruit-eating birds probably become available in response to the supply of fruits, rather than vice versa (French & Westoby 1992) . Seeds with elaiosomes are removed by many ant species, even in environments 942 Predicting dispersal spectra from plant attributes where the plant species does not naturally occur (e.g. Pemberton 1988 ). Situations where vectors do limit dispersal mode are reflected in our hypothesis 1 (wind dispersal limited beneath a dense canopy), and hypothesis 7 (adhesive dispersal limited in species taller than 2 m).
Secondly, it was not found necessary to directly invoke attributes of the physical environment, with the exception of fire regime, in formulating the hypotheses. Most aspects of the physical environment are treated by the hypotheses as influencing plant stature and seed size, which in turn shape dispersal modes. If this is true, it suggests that different dispersal modes are differentiated mainly by the distances they achieve, rather than by their capacity to position seeds in particular microsites (with the exception of the desirability of being buried, in environments with a high fire frequency).
Thirdly, seed size is associated with dispersal mode, but the relationship is quite loose. Most seeds above c. 100mg are adapted for dispersal by vertebrates, presumably because other dispersal modes are less effective for these seeds, and because the high costs of pulp or arils represent a smaller proportional expense for larger seeds. Most seeds below c. 0.1 mg are unassisted, presumably because in this size range they are quite effectively dispersed by wind even without possessing any special structures to increase air-resistance, and because the costs of dispersal adaptations would be high as a proportion of investment in the seed itself. However, in the central range of 0.1-100mg occupied by most seeds (at least in the temperate zone), any dispersal mode is feasible.
Fourth, the repeated association of certain dispersal modes with plant stature suggests that in some plants, there may be strong selection to be dispersed at least a distance in the order of 1-2 canopy diameters, with diminishing further advantage at greater distances. The fact that dispersal modes such as ballistic and ants exist at all is evidence that for some plants dispersing 1-2 canopy diameters is adequate to pass genes on successfully. Theoretical models have established clearly that dispersal can provide a variety of fitness benefits even when a more favourable physical environment is not reached (reviewed by Johnson & Gaines 1990 ). Seedlings will often be strongly disadvantaged if they are close enough to suffer competition from the parent. Even if the parent is no longer alive at the time of seedling establishment, strong selection to achieve 1-2 canopy diameters could well be generated by competition among maternal-sib seedlings. We draw the tentative conclusion that for many plants, the most important outcome achieved by having a particular dispersal structure is a distance of 1-2 canopy diameters from the parent plant. The finding of Portnoy & Willson (1993) that there is little association between dispersal mode and the shape of the seed shadow tail supports the idea that if there are further advantages to be obtained at distances greater than 1-2 canopy diameters, or in particular microsites, the chances of obtaining these other advantages are not greatly affected by the dispersal mode adopted.
Finally, it is interesting to consider selection to achieve distances of 1-2 canopy diameters in relation to the high incidence of species with no apparent adaptation for dispersal at all; in most of the dispersal spectra surveyed by Willson et al. (1990) 20-50% of species had no morphological structures for dispersal and in some spectra this figure was 80-90%. Long seed shadows are generally considered to be advantageous for finding of safe sites in which to establish and for colonizing new habitats (e.g. Howe & Smallwood 1982; Green 1983) . Why then do so many species apparently have no means to achieve any dispersal at all, let alone long distance dispersal? Willson (1993) discusses evidence for several arguments as to why so many species have no mechanism for long range seed dispersal. She concludes there is little evidence that phylogenetic constraints offer a likely explanation, and that there is no strong correlation between the distribution of safe sites and dispersal mode. Other explanations discussed by Willson include that, for some species, dispersal in time may be more important than dispersal in space, and that the development of dispersal structures may be too costly for some species, necessitating trade-offs with other components of fitness. This last argument is perhaps the most plausible explanation. The abundance of species with no obvious dispersal mechanism implies that the benefits of adopting a structure assisting dispersal often does not outweigh the costs of foregone seed production. For these species, producing a larger number of seeds may have just as beneficial an effect on the numbers of seeds travelling further than a canopy diameter away, as would producing a smaller number of seeds each equipped with a structure assisting dispersal. The concept that the major fitness benefits of dispersal are achieved at rather modest distances, can be seen as complementary to the observation of Wheelwright & Orians (1982) that a plant does not have the means available to determine the fate of its seeds; even elaborate dispersal structures have, at best, a modest and statistical influence on seed fate. 0.35-0.72m (max. 1.5m) Culver & Beattie (1978) 948 Predicting dispersal spectra firom plant attributes Stamp & Lucas (1983) 
